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Differentiation of male germ cells requires a continuous cross-talk with their somatic support, the Sertoli cell. An in vitro
model of Sertoli cells was recently provided by established cell lines which maintain Sertoli-speci®c characteristics, among
which is a regulated phagocytic capacity. In vivo, Sertoli cells take up the residual cytoplasm expelled from the maturing
sperm, a process restricted to a limited period of germinal maturation, and they also eliminate abnormally differentiated
germ cells in case of hormonal de®ciency. Cells of the Sertoli line ef®ciently take up latex beads, as well as dead cells in
the cultures. A semiquantitative assay of phagocytosis was developed, based on the uptake of ¯uorescent latex beads. 15P-
1 cultures were found to contain a minor fraction of active phagocytes. After addition of a de®ned fraction of germ cells,
however, all the cells internalized beads as ef®ciently as macrophages. The inducing cell was identi®ed as the pachytene
spermatocyte, a cell type which, in vivo, is associated with Sertoli cells when they express their phagocytic potential.
These inducing meiotic cells were not internalized themselves. Rather, they interacted with Sertoli cells via a surface
signal that was resistant to formaldehyde ®xation. The whole induction process does not involve changes in Sertoli gene
expression, since it occurs even in the presence of high doses of cycloheximide. After the required initial contact, further
maintenance of the activity was dependent on factor(s) secreted in the medium of the activated culture. Phagocytosis was,
on the other hand, abrogated in the presence of factor(s) secreted by a distinct fraction of germ cells, enriched in the late
stages (second division) of meiosis. q 1997 Academic Press
INTRODUCTION germ cells, especially in cases of hormonal de®ciency (Rus-
sell and Clermont, 1977; Chemes, 1986).
In addition to the physiological signi®cance of this spe-Differentiation of male germ cells proceeds in a complex
cialized phagocytic function, its study may lead to a greaterseries of stages, including the multiplication of spermatogo-
understanding of the pivotal mechanisms in germinal differ-nia, the successive phases of meiosis, the extensive remodel-
entiation. Phagocytosis is only active at a de®ned stage ofing of the nuclear and cellular structures during the haploid
the cycle of the seminiferous epithelium (Morales et al.,phase, and the ®nal release of sperm cells (see Russell and
1986). It is therefore likely to be induced by speci®c signalsGriswold, 1993, for reviews). The whole process depends on
generated during germinal differentiation. A variety ofa complex network of endocrine and paracrine communica-
stage-speci®c interactions between Sertoli and germ cellstion involving a variety of somatic partners. In the seminifer-
have been identi®ed (reviewed by Griswold et al., 1988).ous tubule, spermatogenic cells are in continuous contact
They are clearly central in the regulation of gametogenesis,with Sertoli cells, which exert a variety of functions critical
but their molecular mechanisms are still poorly understood.for germinal differentiation (reviewed by Griswold et al.,
In the case of phagocytosis, the inducing signal may be the1988). One of them is the phagocytosis of cytoplasmic resi-
presence of the target, the residual body itself. Alterna-dues expelled at the ®nal stage of sperm maturation (Regaud,
tively, induction of Sertoli cell-mediated phagocytosis may1901). It is quite an active process, hundreds of millions of
result from interactions with other type(s) of germ cells,these residual bodies being removed every day in an all but
either by the local secretion of soluble molecules or by di-invisible manner. Sertoli cells also eliminate degenerate
rect cell-to-cell interactions via speci®c surface receptors.
The intricate structure of the seminiferous tubule hinders
a detailed in vivo analysis at the cellular and molecular1 E-mail address: cuzin@unice.fr.
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Total germ cells were fractionated by unit-gravity sedimentationlevels. Studies in cell culture have been mostly limited to
at room temperature through linear 2±4% bovine serum albuminSertoli cells from prepuberal animals, which can be main-
(BSA) gradients (BellveÂ, 1993). Five hundred milliliters of 2% andtained for limited periods of time, and were observed to
500 ml of 4% BSA (Fraction V Powder, Ref. A4503, Sigma) intake up residual bodies (Pineau et al., 1991). Only one cell
DMEM medium supplemented with 50 mM Hepes±HCl buffer, pHline of Sertoli origin has been reported to exert a phagocytic
7.4, 40 mM sodium lactate, 6.6 mM sodium pyruvate, nonessential
activity (Tokuda et al., 1992). Further analysis would re- amino acids and glutamine (Gibco), were used to generate the gradi-
quire a culture system where at least some of the interac- ent in a home-made cylindrical vessel made of clear autoclavable
tions between Sertoli and germ cells are maintained. This plastic (12 cm diameter 1 15 cm). Germ cell preparation was ®l-
is the case in a series of immortalized Sertoli cell lines tered on Cell Stainer 100-, 70-, and 45-mm nylon, loaded into the
sedimentation chamber, and underlayed by a gradient of 2±4%established from transgenic mice which express the large T
BSA. After a 2-hr sedimentation period at room temperature, frac-protein of polyoma virus in the seminiferous epithelium of
tions were collected from the bottom of the gradient. Either onethe testis (Paquis-Flucklinger et al., 1993). These cells sup-
of two protocols was used for collection. For maximal yields in cellport the multiplication in coculture of diploid spermato-
number, 50-ml fractions were collected throughout the gradient,genic precursors and their transit through meiosis, and ex-
whereas when better separation was sought, 3-ml fractions werehibit an active phagocytic potential (Rassoulzadegan et al.,
taken in the previously recognized zone(s) of interest. Cells were
1993). As other cell lines which maintain complex differen- then centrifuged, washed, and counted. The fraction of dead cells
tiated properties, such as ES cells (Hogan et al., 1986) or at the end of the process was always below 1% on the basis of
polarized epithelial cells (Costa de Beauregard et al., 1995), trypan blue exclusion. The fraction of cells at the prophase stage
these lines cannot be expected to reproduce every property of the ®rst meiotic division (in their large majority, cells at the
pachytene stage) was estimated by measuring their DNA content.of a normal cell in its physiological context. They may,
Early meiotic cells are the only one in the seminiferous epitheliumhowever, recapitulate de®ned segments of the in vivo phe-
with a 4C DNA contentÐwith the exception of a small minoritynotype, for which they will then provide unique analytical
of mitotic G2 spermatogonia.tools. In this respect, their ability to interact in culture with
germ cells should facilitate the analysis of the intercellular
signals which control germinal differentiation. In this re- DNA Content of Individual Cells
port, we present evidence that Sertoli cell-mediated phago-
Cells were spread on glass slides, ®xed with 1% formaldehydecytosis is regulated by a complex set of positive and negative
in PBS for 15 min at room temperature, and stained with 0.5 mg/mlsignals emitted by germ cells at distinct maturation stages.
Hoechst 33258 (Sigma). An inverted microscope (Nikon Diaphot)
equipped with a CCD black-and-white camera (Photonic Science)
was used for ¯uorescence reading. Image analysis was performedMATERIALS AND METHODS using the ``STARWISE Fluo'' program (IMSTAR, Paris) on a PC 486
dx 33-MHz (American Megatrend) computer. Wavelengths were
Cell Culture 360 nm for excitation and 450 nm for emission.
Isolation, properties and culture conditions of 15P-1 and other
Sertoli cell lines have been described previously (Paquis- Formaldehyde Fixation
Flucklinger et al., 1993; Rassoulzadegan et al., 1993). The cells
were routinely cultured at 327C either in plastic petri plates (Falcon) Total germ cells and fractionated cells were ®xed in 1% formal-
or on glass slides (Labtek Chamber Slide, Nunc), in Dulbecco's dehyde in PBS for 5 min.
modi®ed Eagle's medium (DMEM, Gibco) supplemented with 10%
fetal calf serum (ATGC). BALB/3T3 ®broblasts (Aaronson and To-
daro, 1968) were grown in the same medium at 377C, and the Phagocytosis Assay
Bac1.2F5 macrophage line (Morgan et al., 1987) was grown in
Uptake of FITC-labeled latex microspheres (``Fluorescent Para-DMEM medium supplemented with 15% horse serum (Gibco-BRL)
magnetic Particles,'' 1±2 mm, Polysciences Inc., Warrington, PA)and 20% L-cell-conditioned medium as a source of CSF-1 (Stanley,
was used as a measure of phagocytic activity. Cells were seeded at1985). Spleen cells were extemporally collected from adult mice
a density of 2 1 103 cells/mm2, either in 24-well plastic platesand, when needed, maintained in culture at 377C in DMEM±10%
or in Labtek glass slide chambers (8 wells). The following day,fetal calf serum medium.
¯uorescent microspheres (106 in 100 ml of culture medium) were
added to the cultures. At various times thereafter, cells were
washed twice with PBS buffer, incubated in 1 ml of PBS containingPreparation of Germ Cells
0.02% trypsin (bovine pancreas, Serva) for 15 min at 377C. The
cells were collected by low-speed centrifugation, resuspended, andGerm cell suspensions were prepared from adult mouse testis
according to published procedures (Romrell et al., 1976). Brie¯y, washed twice with PBS. The whole procedure ef®ciently eliminates
particles bound to the cell surface (Nishioka et al., 1994, see Fig.after removal of the tunica albuginea from 10 adult testes (DBA/2
1 C57BL/6 F1 hybrids), seminiferous tubules were cut delicately 1C). The fraction of the cells having internalized ¯uorescent beads
was determined by cyto¯uorometry using a FacScan apparatus (Bec-into pieces and washed in PBS buffer to remove mature sperm
cells. The fragments were passed through a 100-mm pore size ®lter ton Dickinson). Alternatively, the total number of internalized
¯uorescent beads was estimated by end point dilution. Cell lysates(Falcon) pushed by the piston of a 5-ml syringe, centrifuged, washed
in PBS, and resuspended in 20 ml of DMEM medium. Yields for 5 were prepared by hypotonic shock in distilled water, the suspension
was homogenized, and serial two- to ®vefold dilutions in watermales were in the range of 108 cells.
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were made in 96-well plates. The most diluted suspension that 15P-1 was analyzed using semiquantitative assays based on
generated a detectable ¯uorescence signal was determined by visual the uptake of FITC-labeled beads. The fraction of cells hav-
inspection under a ¯uorescence microscope (Zeiss), and the corre- ing internalized ¯uorescent material can be measured by
sponding dilution factor was taken as a measurement of the initial ¯ow cytometry, or the total amount of ingested beads, by
concentration of ¯uorescent material. The duplicate measurements determination of the total amount of ¯uorescent beads in
performed in all experiments were always consistent, and, when
cell lysates. Both assays con®rmed that 15P-1 cells are ac-cyto¯uorometric analysis was performed in parallel, both series of
tive phagocytes (Figs. 1A and 1B). One important point wasresults were also in agreement. The number of cells per assay was
to ensure that internalization of the beads had indeed oc-10,000. Experimental variation is indicated in the ®gures by the
curred, rather than just tight binding to the outer cell sur-calculated standard error in series of four to six independent mea-
surements. Actin involvement in the phagocytic activity was veri- face. This was established by electron microscopy, latex
®ed by the inhibitory effect of cytochalasin B (Sigma). beads being clearly seen inside the cells, which often
showed in addition the remnants of cannibalistic phagocy-
tosis of dead cells (Fig. 1C). The overall phagocytic activity
Electron Microscopy of 15P-1 remained, however, modest compared with that of
the macrophage cell line Bac1.2F5 (Morgan et al., 1987) usedFor electron microscopic examination, 15P-1 cells were washed
as a control (Fig. 1B).with PBS and ®xed in PBS containing 2% glutaraldehyde for 90
min at room temperature. The ®xed cells were washed in PBS,
dehydrated in graded ethanol (30±957C), and embedded in Epon at
Interaction with Germ Cells Enhances the607C for 48 hr. Sections of 80 nm were cut with a diamond knife
Phagocytic Activity of 15P-1 Cellsand collected on nickel grids. The sections were poststained with
uranyl acetate and lead citrate before being viewed on a Philips Cyclic activities in the seminiferous tubule, including
CM12 electron microscope. phagocytosis, are most likely the result of stage-speci®c in-
teractions between the developing germ cells and their so-
matic partners. In order to determine whether the presenceMeasurement of Protein Synthesis
of germ cells would affect 15P-1-mediated phagocytosis, we
The culture medium was replaced by methionine-free DMEM ®rst used cell suspensions prepared from adult males and
medium and, 30 min later, the cells were pulse-labeled with [35S]- containing all the germinal maturation stages. By them-
methionine (50 mCi/ml) for 2 hr, washed three times with PBS, and selves, these preparations did not show a signi®cant phago-
lysed in 500 ml of lysis buffer (10 mM Tris, pH 7.5, 150 mM NaCl, cytic capacity, indicating a negligible level of contamination
1 mM EDTA, 1% Triton X-100, 1% Na deoxycholate, 0.1% SDS).
by Sertoli cells. However, their addition to 15P-1 culturesIncorporated radioactivity was measured by scintillation counting
resulted in a rapid increase in the number of active phago-after precipitation in ice-cold 10% trichloroacetic acid.
cytes measured by FACS analysis. More than 90% of the
cells contained at least one bead 1 hr after addition of the
germinal fraction (Fig. 1A), and the total number of internal-Enzymatic Treatment of Cells
ized beads continued to increase up to 24 hr, as monitored
Hydrolytic attacks on whole cell suspension were performed by measurement of ¯uorescence in cell extracts (Fig. 1B). As
with the following enzymes: 12 mg/ml trypsin (Serva) for 20 min
expected for an actin-mediated phenomenon, both the basalat 377C, 100 mg/ml proteinase K (Merck) for 20 min at 377C, and 5
phagocytic activity and the increased activity observed inU/ml N-glycanase (Biolabs) for 60 min at 377C.
the presence of germ cells were completely inhibited in the
presence of cytochalasin B (Table 1). Similar observations
were made on two other Sertoli cell lines, 45T-1 and 68T-RESULTS
1, independently isolated by the same procedure as 15P-1
(Paquis-Flucklinger et al., 1993). As shown in Fig. 2 for 45T-Phagocytic Activity of Immortalized Sertoli Cell
1, their phagocytic activity, although somewhat lower thanLines
that of 15P-1, was also increased upon addition of germ cells,
up to levels comparable with those of macrophages.Cells of the 15P-1 line express a series of characteristic
Sertoli properties. They include morphological and ultra- The phagocytic activity of 15P-1 increased with the num-
ber of added germ cells up to a maximal value for a ratio ofstructural features, the expression of Sertoli-speci®c genes
such as Steel and WT1, support of germ cell differentiation 50 germ cells per Sertoli cell. Interestingly, this ratio is
similar to the optimal value previously determined for mei-through meiosis in culture, and a phagocytic activity, ®rst
evidenced by the internalization of latex beads (Rassoulza- otic maturation in cocultures (Rassoulzadegan et al., 1993).
Activation of 15P-1 phagocytic activity was speci®c to germdegan et al., 1993). This activity was also clearly evidenced
by microscopic examination of the cultures, showing dis- cells in that the addition of spleen cells to 15P-1 cultures
did not result in increased phagocytosis (Fig. 2). Similarly,posal of dead cells, either cells from the line itself or germ
cells in the cocultures, a capacity that has been previously the addition of germ cells either to Bac1.2F5 macrophages
or to a ®broblast line capable of phagocytosis (Rabinovitch,reported for Sertoli cells in primary cultures (Pineau et al.,
1991; Mizuno et al., 1996). 1995) failed to augment phagocytosis. Since Sertoli cells in
primary culture (Mizuno et al., 1996), as well as macro-The degree of speci®city of the phagocytic behavior of
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TABLE 1
Induction by Germ Cells of the Phagocytic Activity of Sertoli
Cell Lines
Cell culture Phagocytic activity
15P-1 20
/ Total germ cells 124
/ Total germ cells / cytochalasin B
(25 mM) £4
/ Sperm cellsa 8
/ Conditioned mediumb 8
/ Formaldehyde-®xed germ cells 124
Note. The table shows the phagocytic activity of 15P-1 Sertoli
cell line, 20 hr after addition of FITC-labeled beads. The phagocytic
activity was estimated by end point dilution (average of three exper-
iments).
a Sperm cells were collected from epididymis.
b Conditioned medium was harvested after either 1- or 3-day co-
cultures of 15P-1 and total germ cells.
phages, are known to take up cells undergoing programmed
cell death, we checked whether the observed increase in
the phagocytic activity of 15P-1 could be related to the pres-
ence of apoptotic cells. The fresh germ cell preparations
that were most ef®cient in inducing phagocytosis did not,
as expected (Billig et al., 1995), show detectable apoptotic
symptoms (on the basis of nuclear DNA fragmentation, data
not shown). Conversely, splenic lymphocytes that had been
maintained in culture medium for several days and were
extensively undergoing apoptosis did not induce phagocyto-
FIG. 1. Induction of a phagocytic activity by addition of germ
cells to 15P-1 cultures. (A) Fluorescent beads were added to 15P-1
cultures at Time 0, either alone or together with a suspension of
total germ cells prepared from the testis of an adult male (50 germ
cells per 15P-1 cell). Cultures were harvested after 0, 1, and 5 hr,
and the proportion of cells with internalized ¯uorescent beads was
determined by cyto¯uorometry (see Materials and Methods). Cell
numbers (ordinate) are shown as a function of the intensity of the
¯uorescent signal. (B) Same experiment as in A. The amount of
labeled beads internalized was measured by end point dilution of
the signal detected by ¯uorescence microscopy. The macrophage
cell line Bac1.2F5 (Morgan et al., 1987) was used as a control. Bars
show the standard error of six independent measurements. (C) Un-
der the conditions of the assay, only internalized beads are found
associated with Sertoli cells. Sections of glutaraldehyde-®xed cells
were prepared after overnight incubation with the beads. (1) 15P-1
alone; (2) coculture with total germ cells (same conditions as in A).
b, internalized beads (the dark rim on some of the beads is an
artifact seen on beads when submitted alone to the same ®xation
procedure); pc, partially digested cell included in a phagocytic vacu-
ole. The number of beads per cell is representative of the average
in the cell population in 2, while in 1, the majority of the cells
have no internalized beads. In 2, the cell culture had been exten-
sively washed before ®xation, thus eliminating the added germ
cells (see Table 4).
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Induction of 15P-1 Phagocytic Activity Requires
Cell-to-Cell Contact and Can Be Affected by
Formaldehyde-Fixed Cells
Conditioned media prepared by overnight incubation of
either total germ cells or mixtures of germ cells and 15P-1
cells had no effect on the phagocytic activity of fresh 15P-
1 cultures. On the other hand, induction of phagocytosis
remained unchanged after formaldehyde ®xation of the
germ cell preparations (Table 1). We therefore concluded
that increased phagocytosis results from the recognition of
a surface motif by the Sertoli phagocyte. A preliminary char-
acterization was conducted by treating the germ cells with
various agents prior to their addition to 15P-1 cultures as
described under Materials and Methods. Their ability to
induce phagocytosis was not affected by pretreatment with
either trypsin or proteinase K, but was inhibited after expo-
sure to N-glycanase, suggesting the involvement of a glyco-
sidic motif on the surface of the inducing germ cells (data
not shown).
Phagocytosis Is Modulated by Germ Cells at a
De®ned Maturation Stage
In vivo, Sertoli cells exhibit phagocytic activity only at
a de®ned period in the cycle of the seminiferous epithelium,
when the residual body detaches from the mature sperm
cell. At that time (stages VIII±IX), the Sertoli cell is also in
contact with meiotic cells (preleptotene to midpachytene)
and with round spermatids (Russell et al., 1990). In order
to test whether one of these components could be responsi-
ble for the induction of the phagocytic behavior, experi-
ments were performed involving the addition of partially
FIG. 2. Induction of phagocytic activity is speci®c both to germ puri®ed preparations of mouse germ cells at different stages
cells and to the Sertoli lines. Same experiment as in Fig. 1B. Mea- of maturation to 15P-1 cultures. Fractions were prepared by
surements were performed on the indicated cell lines by end point unit±gravity sedimentation through BSA gradients, a tech-
dilution 20 hr after addition either of germ cells, freshly isolated nique that provides preparations 80±90% enriched in early
spleen cells, or of spleen cells that after 3 days in culture medium
meiotic cells (essentially at the pachytene stage) and in post-had developed extensive apoptotic symptoms (DNA analysis not
meiotic haploid cells (round and elongated spermatids)shown). 45T-1 (Paquis-Flucklinger et al., 1993) is a cell line with
(Romrell et al., 1976; Wolgemuth et al., 1985, see MaterialsSertoli characteristics independently established by the same pro-
and Methods).cedure as 15P-1. BALB/3T3 ®broblasts and the Bac1.2F5 macro-
Activation of the phagocytic capacity in 15P-1 culturesphage line are both active phagocytes (Rabinovitch, 1995; Morgan
et al., 1987). varied to a large extent between fractions (Fig. 3). In a stan-
dard puri®cation scheme (50-ml fractions, see Materials and
Methods), the activity was strictly associated with one frac-
tion, which contains 20±30% pachytene cells together with
sis (Fig. 2). The presence of apoptotic cells does therefore a mixture of diploid and haploid cells (Fig. 3A). Recycling
not appear to be the signal that triggers the full phagocytic the fraction through a second round of sedimentation pro-
activity of the Sertoli cell. duced fractions containing 40±50% pachytene cells, with
a proportional increase in their inducing capacity. The best
resolution, however, was obtained by collecting 3-ml frac-
Induction of Phagocytic Capacity Is Not Affected tions in this region of the gradient, yielding preparations
by Protein Synthesis Inhibition which contain 80±90% of pachytenes, as determined on the
basis of DNA content (Fig. 3B). These fractions were theInduction of 15P-1 cell phagocytosis by germ cells was not
affected by cycloheximide inhibition of protein synthesis most ef®cient for the induction of 15P-1 phagocytosis (Ta-
ble 3). As for total germ cells, induction by the enrichedat drug concentrations ranging from 50 to 100 mM, which
reduced the incorporation of [35S]methionine to background fractions was not affected by formaldehyde ®xation (data
not shown). Postmeiotic cells (Fig. 3A, fractions 10±13)levels (Table 2).
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TABLE 2
Induction of Phagocytosis Is Not Affected by Inhibition of Protein Synthesis
Cycloheximide concentration Relative rate of [35S]met
(mM) incorporation Phagocytic activitya
15P-1 Ð Ð 4
15P-1 / total germ cells 0 1 48
15P-1 / total germ cells 50 £0.02 48
15P-1 / total germ cells 100 £0.05 48
Note. Cycloheximide was added to the medium at the indicated concentration 3 hr before addition of the germ cells and of the ¯uorescent
beads; [35S]methionine incorporation was measured on parallel cycloheximide-treated and control cultures (2-hr labeling period following
a 30-min incubation in methionine-free medium).
a Measurements were performed by end point dilution 2 hr after addition of the beads.
showed a variable and limited inducing capacity, and sperm fore suggests that the induction and the maintenance of a
phagocytic potential are two distinct events, maintenancecollected from the epididymis was without effect (Table 1).
Microscopic examination showed that, as expected from being dependent on secreted factor(s) that remain(s) to be
identi®ed.the known behavior of authentic Sertoli cells, either in vivo
or in primary cultures (Pineau et al., 1991), residual bodies
were ef®ciently internalized. However, the slow sedi-
Inhibition of Phagocytosis Inductionmenting fractions of the BSA gradients, which contains a
majority (60 to 70%) of residual bodies (Fig. 3C) had no Contrasting with the inducing effect of the fractions most
enriched in pachytene cells, the fractions sedimenting im-inducing effect.
mediately behind them in BSA gradients showed a strong
inhibitory effect (Table 5). This effect was maximal in a
Cells That Induce an Increased Phagocytic Activity fraction (5, Fig. 3A), which contains a minority of pachytene
of 15P-1 Are Not Themselves Ef®ciently cells, together with cells at the late stages (second division)
Internalized of meiosis, with either two 2C or four 1C nuclei. Mixing
fraction 5 with partially puri®ed pachytene cells completelyThe increased rate of uptake of latex beads by 15P-1 in
the presence of germ cells might result from the active abolished their inducing ability.
This inhibitory effect is speci®c to induction of phagocy-phagocytosis of a fraction of the germ cells, with a concomi-
tant internalization of the beads. Alternatively, the germ tosis by 15P-1 cells. In the presence of fraction 5, neither
the survival nor the growth of the cells was altered, while,cell could emit a signal that only triggers a phagocytic be-
havior of the Sertoli cell. This point was investigated by on the other hand, the phagocytic potential of macrophages
was not affected (data not shown). A preliminary character-adding equal numbers of pachytene cells labeled with the
¯uorescent DNA dye Hoechst 33258 and of FITC-labeled ization revealed a pattern different from the induction pro-
cess: inhibition was ef®ciently mediated by factor(s) se-latex beads to 15P-1 cultures. The fraction of 15P-1 cells
with either blue (Hoechst 33258) or green (FITC) ¯uorescent creted in the medium, while the addition of formaldehyde
®xed cells had no effect (Table 5).inclusions was counted under the microscope after either
3 or 18 hr. At the same time, the medium was collected
together with two cell washes in PBS. They were centri-
fuged, and the number of free ¯oating beads and germ cells DISCUSSION
was measured with a Coulter counter (Table 4). These two
measurements concur to establish that, unlike the beads, The cyclic phagocytic capacity, developed by Sertoli
cells at a de®ned stage of maturation of the associatedthe inducing germ cells are not ef®ciently internalized.
germ cells, is part of the complex cross-talk that governs
germinal differentiation. In addition to being an im-
Reversibility of the Phagocytic State and a Role of portant, and still poorly understood aspect of gametogen-
Diffusible Factor(s) in Its Maintenance esis, the regulation of phagocytosis offers a unique model
of interaction, where a complex cellular function is con-Upon removal of the inducing germ cells from 15P-1 cul-
tures, their phagocytic activity rapidly returned to its basal trolled, both positively and negatively, by distinct cell
types. It appears useful that the lines established fromlevel. It could, however, be maintained in the absence of
germ cells, by adding medium conditioned by an overnight Sertoli cells by oncogene-induced immortalization have
kept their phagocytic potential, since the availability ofcoculture of 15P-1 cells and germ cells (Fig. 4). As indicated
above, the same medium had no effect on 15P-1 cells that established cell lines extends the range of experimental
approaches. 15P-1 possesses the unique property of beinghad not been ®rst exposed to germ cells. This result there-
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FIG. 3. Induction of phagocytosis by fractionated germ cells. (A) Germ cells were collected from isolated tubules and sedimented at unit
gravity through a 2±4% BSA gradient and 50-ml fractions were collected (see Materials and Methods). An equal number of cells from
each fraction was added to 15P-1 cultures (10 cells per 15P-1 cell), together with ¯uorescent beads. The internalized ¯uorescence was
measured 20 hr later by end point dilution. DNA contents of individual nuclei were measured by image processing after staining DNA
with Hoechst 33258. Percentages of 4C nuclei (pachytene stage) and of the haploid products are indicated. (B) Representative fractions
obtained by sedimentation. Pachytene cells obtained by the most resolutive procedure (59-ml fractions), not stained (a) and stained with
Hoechst 33258 (b). Magni®cation, 1400. Feulgen±azure staining of fraction 13 enriched in residual bodies (arrow) (c). Magni®cation, 1200.
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TABLE 3
The Ability to Induce Phagocytosis Copuri®es with Pachytene Spermatocytes
Germ cell Pachytene cells Phagocytic
Expt Addition to 15P-1 puri®cation procedurea (4C DNA content %)b Germ cells/15P-1 ratio activity
1 None Ð Ð Ð 20
Total germ cells Ð 8 10 40
50 120
Partially puri®ed BSA gradient, 22 10 140
pachytene fraction 3 50-ml fractions
Partially puri®ed BSA gradient, 3 50 45
pachytene fraction 4 50-ml fractions
Partially puri®ed BSA gradient, 46 10 280
pachytene fraction 3 50-ml fractions
recycled
2 None Ð Ð Ð 20
Total germ cells Ð 6 10 80
Extensively puri®ed BSA gradient, 82 10 640
pachytene 3-ml fractions
Note. This table shows the phagocytic activity of 15P-1 cells, 20 hr after addition of FITC-labeled beads and germ cells containing
different percentages of pachytene spermatocytes.
a One-step fractionation: total germ cells were fractionated by sedimentation through a preformed 1-liter BSA gradient and recovered
from the indicated fraction by low-speed centrifugation; two-step fractionation: cells from fraction 3 were sedimented through a second
BSA gradient (70 ml), 5-ml fractions were collected, and cells from the new fraction 3 were recovered as above.
b Determined by image cytometry.
derived from Sertoli cells of a nonmalignant adult testis. means. It is known, on the other hand, that some of the
physiological regulations are different before and afterUnlike Sertoli cells of the prepuberal male, cells from the
adult cannot be established in culture by conventional puberty. One example is the role of FSH in the mainte-
nance of Sertoli functions, which appears less important
TABLE 4
Germ Cells Which Induce Phagocytosis Are Not
Ef®ciently Internalized Themselves
Time after
addition of
the germ
cells or
beads
3 hr 18 hr
Fraction (%) of With internalized beads 68 ⁄99
15P-1 cells With internalized germ cells 1 4
Fraction remaining
in culture Beads nt 10
medium (%) Germ cells nt ⁄99
Note. Equal numbers (10 per 15P-1 cell) of FITC-labeled beads
and Hoechst 33258-labeled cells from gradient fraction 3 (Fig. 3A) FIG. 4. Maintenance of a phagocytic activity involves both cell-
to-cell contact and secretion of factor(s) in the medium. After over-were simultaneously added to the culture at Time 0; after either 3
or 18 hr, cells were washed three times and trypsinized; the number night incubation with or without total germ cells (GC), 15P-1 cells
were tested for their ability to internalize latex beads. During incu-of cells showing internalized ¯uorescent inclusions at the two exci-
tation wavelengths was counted in several microscopic ®elds (total bation with the beads, either they were maintained in the absence
(1±5) or presence (2±6) of germ cells or they received medium con-100 cells in each case); medium and washes were combined and
the number of beads and ¯oating germ cells was measured with a ditioned either by germ cells alone (3, 7) or by the germ cells-15P-
1 coculture (4, 8).Coulter counter. nt, not tested.
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TABLE 5 Our results indicate that phagocytosis is induced by a
Inhibition of Phagocytosis Induction de®ned subclass of spermatogenetic cells. The inducing
fraction copuri®es with pachytene spermatocytes, a cell
Addition to 15P-1 Phagocytic type which is, in vivo, associated with the Sertoli cell at
(fractions from BSA gradient) activitya stages VIII±IX of the seminiferous epithelium cycle, a
time point when it evolves into an active phagocyte (Rus-None 4
sell et al., 1990). The sharp drop in induced phagocytosisFraction 3 64
Fraction 4 8 after fraction 3 in the gradient pro®le parallels the distri-
Fraction 3 / fraction 4 8 bution of pachytene spermatocytes and also corresponds
Fraction 5 4 to the presence of an inhibitory activity in the fractions
Fraction 3 / fraction 5 4 sedimenting immediately behind it (4 to 6). These frac-
Fraction 3 / fraction 5 conditioned mediumb 8 tions are relatively heterogeneous, and more resolutive
Fraction 3 / fraction 5 formaldehyde ®xedc 32 methods would have to be devised in order to identify
the cell type responsible. It is, however, noteworthy thatNote. This table shows the effect of fraction 4 and 5 from a BSA
they are enriched in cells at the late stage (second divi-gradient identical to that shown in Fig. 3A on phagocytosis induction
by cells in fraction 3. The indicated fractions were added to 15P-1 at sion) of meiosis (see Fig. 3). This negative control could
a ratio of 10 germ cells from each fraction per 15P-1 cell. therefore be responsible for the shutoff of phagocytosis
a The phagocytosis activity was estimated by end point dilution during a normal cycle. The inhibitory factor(s) were only
assay 20 hr after addition of FITC-labeled beads. evidenced in the partially puri®ed fractions containing
b Conditioned medium was harvested after overnight incubation the late meiotic cells. The fact that the inducing capacity
of fraction 5 cells. of total germ cell suspensions is relatively low comparedc See Table 1.
with that of puri®ed pachytene spermatocytes suggests
that it depends on the relative proportions of the inducing
and inhibiting cell types.
The controls of phagocytosis appear to involve two distinctin the adult than during prepuberal development (see
Griswold et al., 1988, Russell and Griswold, 1993, for levels of speci®city, the signals that modulate the phagocytic
activity being distinct from those involved in target recogni-reviews). This may explain why 15P-1 cells do not appear
to respond to the hormone (our unpublished results), tion. This was clearly shown by the observations that pachy-
tene cells were not themselves internalized when the activitywhile FSH dependence of the internalization of residual
bodies has been previously suggested by studies con- of the Sertoli phagocyte had reached a maximal value, whereas
residual bodies, a primary target of in vivo phagocytosis, didducted on prepuberal Sertoli cells in temporary cultures
(Pineau et al., 1991). not increase this activity.
Induction of the phagocytic potential of the Sertoli cellIt is clear, on the other hand, that, useful as they may
be, cell lines will not reproduce the whole phenotype of requires the contact between specialized structures on the
outer surfaces of the spermatocyte. This conclusion wasa normal cell, especially a cell of such a high degree of
complexity as the Sertoli cell. They may also show some deduced from the observations that medium conditioned
by germ cells is inef®cient, that formaldehyde-®xed germphysiologically nonsigni®cant properties, due to an al-
tered pattern of proto-oncogene expression and/or to the cells keep their inducing capacity, and that the inducing
cells are not themselves internalized at the time of induc-arti®cial environment of the cell culture. Observations
must therefore be checked for their consistency with the tion. Further work will be necessary to identify and purify
the surface structures expressed on germ cells and theirnormal physiology.
Our studies were mainly performed on one of the Ser- receptors on Sertoli cells. Preliminary experiments have
identi®ed an active membrane fraction in lysates from in-toli cell lines, 15P-1, but we ®rst checked that its behav-
ior was representative of that of other lines of similar ducing cells which must be further characterized. Another
characteristic feature is that induction of the phagocyteorigin. Two other cell lines tested, 45T-1 and 68T-1, also
showed a clear phagocytic activity that increased upon state is readily reversed upon removal of the germ cells,
unless it is maintained by one or several diffusible factor(s)addition of germ cells. They were somewhat less ef®cient
than 15P-1, and they are also less ef®cient in supporting secreted by the cells in coculture. Our present results (S.
Vincent, F. BrieÁ re, R. Stanley, K. Marcu, M. Rassoulzadegan,differentiation of germ cells through meiosis. These dif-
ferences may represent no more than the variations com- and F. Cuzin, manuscripts in preparation) show that 15P-1
cells secrete a number of the known cytokines (KL, CSF1,monly observed between cell lines of identical origin,
and even within one cell line (see for example Costa de LIF, NGF) as well as other still unknown factor(s). The mol-
ecule(s) involved in the maintenance of the phagocytic stateBeauregard et al., 1995). They may also be related with
the fact that 45T-1 and 68T-1 have been established from remain to be determined.
A complex combination of positive and negative sig-testicular tumors, while 15P-1 was established from the
structurally and functionally normal testis of a young nals is clearly expected in a physiological situation where
the phagocytic behavior of the Sertoli cell develops peri-male, long before the onset of tumoral growth character-
istic of very old animals (Paquis-Flucklinger et al., 1993). odically and is abrogated at equally de®ned stages. This
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impairs brush border assembly in polarized epithelial intestinalregulation may, on the other hand, experience pathologi-
cells. EMBO J. 14, 409±421.cal alterations. Abnormal destruction of the germ cells
Griswold, M., Morales, C., and Sylvester, S. (1988). Molecular biol-has been reported in cases of hormonal deprivation (Rus-
ogy of the Sertoli-cell. Oxford Rev. Reprod. Biol. 10, 124±161.sell and Clermont, 1977; Chemes, 1986). Whether these
Hogan, B., Costantini, F., and Lacy, L. (1986). ``Manipulating the
conditions lead to a reduced expression of the inhibitory Mouse EmbryoÐA Laboratory Manual.'' Cold Spring Harbor
factor(s) or to other mechanisms, such as the loss of a Laboratory, Cold Spring Harbor, NY.
protective signal on the germ cell itself, can now be ex- Isberg, R. R., and Tran Van Nhieu, G. (1995). The mechanism of
perimentally addressed. phagocytic uptake promoted by invasin± integrin interaction.
Trends Cell Biol. 5, 120±124.This relatively complex situation, where one class of cells
Mizuno, K., Shiratsuchi, A., Masamune, Y., and Nakanishi, Y.induces a phagocytic activity against a different cell type,
(1996). The role of Sertoli cells in the differentiation and exclu-is likely to be representative of the integrated processes
sion of rat testicular germ cells in primary culture. Cell Deathoperating in the seminiferous epithelium, where Sertoli
Differ. 3, 119±123.
cells are clearly major sites for the transit of the signals Morales, C., Clermont, Y., and Nadler, N. J. (1986). Cyclic endo-
emitted by, and addressed to different stages of germ cell cytic activity and kinetics of lysosomes in Sertoli cells of the rat:
maturation. On the other hand, the complex control of the A morphometric analysis. Biol. Reprod. 34, 207±218.
phagocytic process may represent a new type of regulation Morgan, C., Pollard, J. W., and Stanley, E. R. (1987). Isolation and
characterization of a cloned growth factor dependent macrophagewith a possible role in some developmental processes, for
cell line, BAC1.2F5. J. Cell Physiol. 130, 420±427.instance in cases where phagocytosis is involved in the
Nishioka, K., Wagle, J. R., Rodriguez, T. J., Maeta, M., Kubo, S., andcompletion of a cell death program. It will be also of interest
Dessens, S. E. (1994). Studies of human granulocyte phagocytosisto examine whether the mechanisms at work might be re-
stimulation by tuftsin. J. Surg. Res. 56, 94±101.lated to those by which a number of pathogenic bacteria Paquis-Flucklinger, V., Michiels, J., Vidal, F., Alquier, C., Pointis,
induce a phagocytic activity of various target cells, which G., Bourdon, V., Cuzin, F., and Rassoulzadegan, M. (1993). Ex-
eventually results in their internalization (Isberg and Tran pression in transgenic mice of the large T antigen of polyoma
Van Nhieu, 1995). virus induces Sertoli cell tumours and allows the establishment
of differentiated cell lines. Oncogene 8, 2087±2094.
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